The luteal microenvironment is thought to direct the function of resident immune cells to facilitate either luteal function or regression. To determine if luteal cells from functional (Days 10-12) and regressing (8 h after administration of prostaglandin F 2alpha ) corpora lutea (CL) induce different responses in cd T cells, luteal cells were cocultured with autologous cd T cells isolated from peripheral blood. Proliferation, functional phenotypes, and cytokine synthesis were analyzed by flow cytometry. To determine if the luteal cells from functional CL induce hyporesponsiveness in cd T cells, cd + cells were cocultured with midcycle luteal cells and further stimulated with concanavalin A. Coculture of cd + cells with midcycle luteal cells did not inhibit concanavalin A-induced proliferation. In a proliferation assay, luteal cells from midcycle CL predominantly induced proliferation of cd + WC1 À cells (P , 0.05), while luteal cells from regressing CL predominantly induced proliferation of cd + WC1 + cells (P , 0.05). Analysis of intracellular cytokines indicated that midcycle luteal cells increased the proportion of cd + cells containing interleukin 10 (P , 0.05), but reduced the proportion of cd + cells containing interferon gamma (IFNG; P , 0.05). There were no changes in the proportions of cd + cells synthesizing interleukin 4 or tumor necrosis factor. Unexpectedly, coculture of cd + cells with luteal cells from regressing CL had no effect on any of the cytokines analyzed. These data support the hypothesis that the function of resident T cells is differentially modulated depending on the status of the CL.
INTRODUCTION
Addressing declining trends of fertility in dairy cattle and other species hinges on deciphering complex mechanisms that regulate the various reproductive organs. The corpus luteum (CL) is an ephemeral ovarian endocrine gland that regulates the length of the estrous cycle and is critical for the establishment and maintenance of pregnancy. Therefore, maintenance of luteal function before fertilization and after implantation is absolutely necessary.
Infiltration of T cells into the CL of cows was first reported by Lobel and Levy [1] , but defining the function of T cells in the CL is still an enigma. Several studies have confirmed the presence of T cells in CL prior to the onset of luteolysis [2] [3] [4] [5] and that they stay elevated during luteal regression [3, 6] . The function of T cells within the CL is not yet clear, but the antisteroidogenic and apoptotic actions of IFNG and TNF in vitro [7] [8] [9] [10] suggest that these cells may be involved in luteal regression. Interestingly, IL4 and IL10 augment progesterone production from human luteal cells in vitro [11] , indicating that T cells may have a supportive role in luteal function.
It is currently suggested that the luteal microenvironment plays an important role in determining the immune response and ultimately the fate of the CL [5] . Luteal cells modulate T cell function as demonstrated by their ability to induce proliferation of autologous T cells [12] [13] [14] . Luteal cells isolated from regressing CL (8 h after administration of prostaglandin F 2a [PGF 2a ]) elicited greater proliferative responses in T cells compared to luteal cells isolated from midcycle (Days 9-12) CL [13] . This observation, coupled with the changes in T cell populations between functional and regressing CL [3, 5] , support the idea that the local microenvironment regulates the function of resident T cells.
The T cell subsets present in the bovine CL include helper (CD4 þ ), cytotoxic (CD8 þ ), and cd þ T cells [3] [4] [5] 14] . Because of the diversity of T cells in the CL, there is a need to identify which subsets are involved in either supporting luteal function or facilitating regression. Gamma delta T cells constitute up to 35% of T cells in the bovine CL [5] . Previously, coculture of luteal cells with T cells derived from the peripheral blood stimulated proliferation of predominantly cd T cells and increased IFNG and IL10 secretion [14] . The T cell subset that secreted the cytokines was not determined in that study.
Gamma delta T cells represent a major proportion of circulating T cells in ruminants [15] and are generally identified by the expression of workshop cluster 1 molecule (WC1), which belongs to the scavenger receptor cysteine-rich family of proteins [16] [17] [18] [19] . Phenotypic and related functional characteristics categorize cd T cells into two major populations: CD2
À [17, 20] . The former are more abundant in circulation while the latter localize in tissues such as the spleen [20, 21] . Subpopulations of cd þ WC1 þ cells have also been defined based on the molecular diversity of the WC1 protein [22, 23] . Thus, specific antibodies that recognize WC1 isoforms-WC1.1, 1.2, and 1.3-have been used to delineate the functional properties of these subsets [24] [25] [26] .
The majority of the luteal resident cd T cells are of the cdTCR þ WC1 À phenotype and only less than 10% are cdTCR þ WC1 þ [5] . The role of these cells in luteal function is not clear, but their function may be dependent on the microenvironment present within the CL at different physiological stages [5] . Although there is better understanding of how cd T cells in general, and their subsets in particular, respond to immune challenges [27] , there is a paucity of information on how these cells interact with host cells in normal physiology. In the CL, it is proposed that cd T cells may be involved in homeostatic mechanisms.
The objective of the current study was to determine if luteal cells from functional and regressing CL induce different responses in cd T cells. Flow cytometry was used to assess proliferation, functional phenotypes, and cytokine production.
MATERIALS AND METHODS

Reagents and Antibodies
Carboxyfluoroscein succinimidyl ester (CFSE), Brefeldin A, concanavalin A (ConA), phorbol myristate acetate, and ionomycin were purchased from Sigma-Aldrich (St. Louis, MO). AIMV cell culture media was purchased from Invitrogen (Grand Island, NY), while insulin, transferrin, and selenium were obtained from VWR (Philadelphia, PA). Anti-mouse immunoglobulin G2aþb (IgG2aþb) and IgG1 magnetic beads were purchased from Miltenyi Biotech (Auburn, CA). Antibodies against bovine antigens, CD3 (MM1A), CD4 (ILA11), CD8a (CACT80C), CD8a (BAQ11A), cd TCR-N12 (CACT61A), cd TCR-N24 (GB21A), WC1 (IL-A29), WC1.1 (BAG25A), WC1.2 (CACT-B32A), and WC1.3 (CACT21A) were purchased from VMRD, Inc. (Pullman, WA). IL10:Biotin (MCA2111B), IFNG (MCA1783), IL4 (MCA1963), TNFA:Biotin (MCA2335B), and isotype controls-IgG1 (MCA928) immunoglobulin M (IgM) (MCA2063), IgG1-fluorescein isothiocyanate (FITC) (STAR81F), IgG1R-phycoerythrin (SATR81PE), IgM-FITC (102002), IgM-R-phycoerythrin (102009), and streptavidin FITC (STAR2B)-were purchased from AbDSerotec (Raleigh, NC). In addition, antibodies against GATA binding protein3 (SAB2100898) and T-box 21 (clone 16H4L5) were purchased from Sigma-Aldrich and Invitrogen, respectively. Rabbit IgG negative control was purchased from Thermo Scientific (Fremont, CA).
Corpora Lutea Collection
Corpora lutea were collected transvaginally from normally cyclic Holstein cows on Days 10-12 (Day 0 ¼ estrus) and 8 h after a luteolytic dose of PGF 2a (25 mg Lutalyse) was administered at midcycle. The protocols used for tissue collection were approved by the Institutional Animal Care and Use Committee at Pennsylvania State University.
Luteal Cell Isolation
Luteal cells were isolated from either functional (Days 10-12) or regressing (8 h after PGF 2a administration) CL following the procedure described by Pate [28] . Cell viability was determined by flow cytometry (GuavaEasyCyte Plus; Millipore, Billerica, MA) using Guava Viacount dye (Millipore).
T Cell Isolation from Peripheral Blood
T cells were isolated from peripheral blood mononuclear cells by positive selection using an autoMACS Pro Separator (Miltenyi Biotech) as described Ndiaye et al. [29] . To isolate cd þ , CD4 þ , or CD8 þ T cells, peripheral blood mononuclear cells were incubated separately with anti-cd TCR, anti-CD4, or anti-CD8 (BAQ11A) primary antibodies followed by anti-mouse IgG2aþb and IgG1 magnetic beads, respectively (Miltenyi Biotech). The purity of isolated cells was evaluated to be .90% by flow cytometry.
Phenotype Analysis
Purified cd þ T cells were either cultured alone or cocultured with luteal cells for 72 h. Gamma delta T cells were harvested and dual labeled with antibodies against WC1.1 and WC1.2 following procedures described by Poole and Pate [5] . Unlabeled cells, appropriate isotype, and positive controls were used for gating.
Intracellular Staining
Gamma delta or CD4 þ T cells were either cultured alone or with luteal cells from functional (Days 10-12) and regressing CL to determine if luteal cells differentially regulate cytokine synthesis. In a parallel experiment, luteal cells from functional CL were treated with aminoglutethimide (50 lg/ml) before cd T cells were added to determine if IL10 production in cd T cells was regulated by progesterone synthesized by luteal cells in culture. After 72 h of coculture, T cells were harvested and stimulated with 40 lg/ml ConA overnight, followed by phorbol myristate acetate (10 ng/ml) and ionomycin (1 lg/ml) for 6 h. Brefeldin A was added for the last 4 h of incubation. The cells were fixed in 4% paraformaldehyde for 20 min at room temperature, washed, and resuspended in permeabilization buffer (0.1% saponin, 0.1% sodium azide, and 5% goat serum in PBS) for 15 min at room temperature. Primary antibodies to IL4, IL10, IFNG, TNF, GATA3 binding protein (GATA3), and T-box 21 (TBX21) transcription factors in T cells, and appropriate isotype controls were added to tubes containing cells and incubated on ice for 1 h. After incubation, cells were washed three times at 300 3 g with wash buffer (0.1% sodium azide and 5% goat serum in PBS) and the cells were again incubated with appropriate secondary antibodies on ice for 30 min. After incubation, the cells were washed three times at 300 3 g, resuspended in PBS, and analyzed by flow cytometry.
Proliferation Assay
Two experiments were conducted to determine the effect of luteal cells isolated from a functional CL on autologous cd T cell responses. First, an experiment was designed to test the hypothesis that luteal cells from midcycle CL induced hyporesponsiveness in cd T cells. In this experiment, cd T cells (5 3 10 6 /well) were either cultured alone or with luteal cells (2.5 3 10 5 /well) in 24 well plates for 72 h in AIMV medium supplemented with insulin (5 lg/ml), transferrin (5 lg/ml), selenium (5 ng/ml), and gentamycin (20 lg/ml). Gamma delta T cells were harvested, labeled with CFSE (1.75 lM) in AIMV medium, incubated at 378C for 15 min, and incubated at room temperature for another 10 min. The cells were diluted 5-fold with medium containing 10% fetal calf serum and washed three times at 300 3 g for 10 min. The cells were then cultured in AIMV medium containing 5% fetal bovine serum and treated with ConA (40 lg/ml) for an additional 72 h. Proliferation was assayed by flow cytometry.
The second experiment was conducted to determine if luteal cells induced proliferation of a specific subset of cd T cells. In this experiment, CFSE-labeled cd T cells were either cultured alone or with luteal cells for 72 h in AIMV medium containing insulin (5 lg/ml), transferrin (5 lg/ml), selenium (5 ng/ml), and gentamycin (20 lg/ml). To determine if luteal cells induced proliferation of a specific subset of cd T cells, the CFSE-labeled cd T cells harvested from coculture were labeled with antibodies to WC1, WC1.1, WC1.2, or WC1.3. Appropriate secondary antibodies were used to identify the labeled cells.
Statistical Analysis
The data were analyzed using one-way ANOVA followed by TUKEY adjustments for multiple comparisons (where indicated) or by Student t-test, and statistical significance was considered when the P value was less than 0.05.
RESULTS
The hypothesis that luteal cells from midcycle CL induce hyporesponsiveness in cd T cells was tested. Coculture of either cd þ , CD4 þ , or CD8 þ T cells with luteal cells did not alter their proliferative response to ConA (Fig. 1) . Compared to CD4 þ and CD8 þ cells, cd T cells are the most responsive to luteal cell-induced proliferation [14] . The function of cd T cells is determined by the expression of WC1 molecules [26] . Therefore, the expression of WC1 variants was examined in cd T cells from peripheral blood, CL, and in cd T cells cocultured with luteal cells. The proportion of cells that expressed both WC1.1 and WC1.2 cells was lower compared to either WC1.1 þ or WC1.2 þ cells among cd T cells in both peripheral blood and CL (Fig. 2B) . When cd T cells isolated from blood were cultured with luteal cells from midcycle CL, there was no change in the proportion of either WC1.1 þ or WC1.2 þ cd T cells, but there was a 63% reduction in WC1.1 þ /WC1.2 þ cells (Fig. 3B) . In addition to the phenotypic changes, midcycle luteal cells also induced proliferation of WC1 À , but not WC1 þ , cd T cells (Fig. 4) . In contrast, luteal cells isolated from regressing CL induced greater proliferation of WC1 þ compared to WC1
À cd T cells (Fig. 5B) . The WC1 À cd T often express CD8; therefore, the expression of CD8 was examined in cd T cells cocultured with luteal cells. Luteal cells induced proliferation of cd T cells, but the expression of the CD8 molecule in this population of cells was significantly reduced WALUSIMBI (Fig. 5C ). Luteal cells from the midcycle CL increased the proportion IL10 þ cells (Fig. 6A ), but the synthesis of IL10 was attenuated when progesterone synthesis was inhibited by preincubation of luteal cells with aminoglutethimide (Fig. 6B) . The proportion of IL10 þ cells among WC1 subpopulations did not differ. The effect of luteal cells to increase the proportion of IL10þ T cells was significant in the WC1 þ population (Fig. 6C) . To further examine luteal cell-induced specific changes in T cells, Th1 (IFNG, TNF, TBX21) and Th2 (IL10, IL4, GATA3) cytokines and transcription factors were analyzed in T cells cocultured with luteal cells from midcycle and regressing CL (Figs. 7 and 8) . There was an increase in the proportion of IL10 þ (P , 0.05) and GATA3 þ (P , 0.05) cells, and a decrease in the proportion of IFNG þ cells (P , 0.05), when cd T cells were cocultured with luteal cells from midcycle CL. Both IL10 þ and IFNG þ cells increased when CD4 T cells were cocultured with luteal cells from midcycle CL (P , 0.05). Luteal cells from regressing CL induced a slight decline in the proportion of CD4 þ T cells synthesizing TNF (P , 0.05), but no effect on other cytokines or transcription factors was observed in either CD4 þ or cd þ T cells. CL (RTC) . B, C) Mean 6 SEM of cd T cell WC1 phenotypes in blood (B; PTC; n ¼ 3) and CL (C; RTC; n ¼ 4). Different letters indicate significant differences at P , 0.05 (data analyzed by ANOVA).
LUTEAL CELLS MODULATE GAMMA DELTA T CELL FUNCTION
DISCUSSION
The results of the present study show that the response of cd T cells to luteal cells is altered when luteal cells are exposed to PGF 2a , indicating that the interaction between luteal cells and T cells residing in the CL may be different in functional compared to regressing CL. T cells infiltrate the CL when it is fully functional, prior to the induction of luteal regression by PGF 2a [2] [3] [4] , and messenger RNA for cytokines that inhibit steroidogenesis are present [3, 12, 30] , but the CL does not regress until later when luteolytic pulses of uterine PGF 2a are secreted. This led to the hypothesis that the microenvironment in a functional CL suppressed the activity of resident T cells and that during luteal regression, the environment is altered to restore T cell activity to promote structural demise. To examine if luteal cells from functional CL induce T cell anergy, a term used to describe hyporesponsiveness of immune cells to stimulation, luteal cells from midcycle CL were cocultured with CD4, CD8, or cd T cells followed by stimulation using the ConA mitogen. All three subtypes of T cells cocultured with luteal cells proliferated as well as those that were cultured alone, WALUSIMBI AND PATE indicating that luteal cells from a fully functional CL do not induce anergy in T cells. It is likely that resident T cells are active, but their activity is directed toward functions that do not result in luteolysis. The function of the resident T cells may be directed toward a regulatory role, which may include activation of T cell subsets that control inflammation, and secretion of anti-inflammatory cytokines. This notion is supported by Poole and Pate [5] who reported greater proportions of FOXP3 þ regulatory T cells in functional versus regressing CL. In addition, the functional CL also produces large quantities of progesterone, a steroid that suppresses inflammatory responses of T cells [31] [32] [33] .
The presence of cd T cells in the CL was first reported by Davis and Pate [14] . They were recently quantified and their phenotype characterized in functional and regressing CL [5] . Because of their functional plasticity and their proliferative response to luteal cells [14] , the present study examined if luteal cells from functional CL induced expansion of cd T cells with regulatory characteristics based on their phenotype. Gamma delta T cells in ruminants are phenotypically and functionally characterized by the expression of WC1 molecules. Gene expression profile analysis of cd T cells in cattle suggests that cd T cells that coexpress WC1 molecules are inflammatory, whereas those that do not express WC1 molecules are regulatory [34, 35] . Also, depletion of WC1 þ cd T cells in vivo results in less IFNG, which is proinflammatory, and greater IL4, which is anti-inflammatory, during an immune challenge [36] . In the present study, luteal cells from functional CL preferentially induced the proliferation of cd þ WC1 À cells, whereas luteal cells from regressing CL predominantly induced proliferation of
þ cells induced by luteal cells exposed to PGF 2a in the present study is similar to the expansion of cd þ CD8a À cells in response to luteal cells collected after administration of PGF 2a [14] . Those two cell populations may be the same because, in cattle, the cd T cells that express WC1 molecules typically do not express CD8a [17, 20] . The results in the present study indicate that WC1 þ and WC1 À cd T cells may differentially respond to the changing microenvironment of the CL in response to PGF 2a . While the signals that stimulate WC1 À cells may be abundant in functional CL, those that stimulate WC1 þ cells may be triggered by PGF 2a during luteal regression. It is also possible that the environment in a functional CL is inhibitory or insufficient to promote expansion of any of the WC1 subsets: WC1.1, 1.2, or 1.3. The mechanisms by which luteal cells activate cd T cells are not yet known, but cd T cells, via the T cell receptor, recognize and respond to protein and nonprotein antigens [37, 38] . More specifically in humans, they respond to stressinduced nonclassical major histocompatibility class I molecules [39] . The CL is a very metabolically active and dynamic tissue that may present alternative antigens during different physiological states. Based on the results of this study, LUTEAL CELLS MODULATE GAMMA DELTA T CELL FUNCTION midcycle luteal cells activate cd T cells with a regulatory phenotype, whereas exposure of luteal cells to PGF 2a results in activation of cd T cells with a proinflammatory phenotype. In the bovine CL, the cd þ WC1 À cell population constitutes the majority of cd T cells in the CL, and the cd þ WC1 þ cell population was numerically greater in regressing compared to midcycle CL [5] . However, it is recognized that in vitro, WC1.1 þ and WC1.2 þ , which are functionally distinct subpopulations of WC1 þ cells [24] [25] [26] 40] , express IL10 and suppress proliferation of T cells, and therefore are regulatory [41] . It remains to be clarified which of these cells are regulatory or inflammatory in the microenvironment of the CL.
In addition to the changes in phenotype, the function of cd T cells can be evaluated by analyzing the cytokine produced. Gamma delta T cells synthesize and secrete cytokines [26, 41] , which may be luteotropic or luteolytic. Coculture of luteal cells with total T cells derived from the peripheral blood increased the secretion of both IFNG and IL10 [14] . The T cell subset that secreted the cytokines was not determined in that study. Interferon gamma synergizes with TNF to decrease progesterone production and induce apoptosis in vitro [7] [8] [9] [10] . Interestingly, IL4 and IL10 augment progesterone production from human luteal cells in vitro [11] . The mRNA for IL10 in luteal tissue was more abundant at Day 10 compared to Day 18 of the estrous cycle [42] . In the present study, luteal cells from midcycle CL increased the proportion of cd T cells synthesizing IL10 and decreased the proportion of cd T cells synthesizing IFNG, but increased the proportion of both IL10 þ and IFNG þ cells in the CD4 þ cell population. Interleukin 10 is an immunosuppressive cytokine that antagonizes the synthesis of IFNG in immune cells [43] [44] [45] . Therefore, if luteal cells in a functional CL induce IL10 synthesis in resident cd or CD4 T cells, IL10 may be involved in regulating the activities of macrophage/monocytes and T cells that are recruited to the CL prior to the onset of luteal regression. Interleukin 10 in a functional CL may modulate the gene expression of IFNG and or TNF, which increase within 2 h during induced luteal regression [30] . The synthesis of IL10 is modulated by progesterone, as demonstrated by the reduction in the proportion of cd T cells synthesizing IL10 when luteal cells were pretreated with the CYP11A1 inhibitor aminoglutethimide. Progesterone induces IL10 synthesis and other Th2-associated cytokines in murine cd T cells via progesteroneinduced blocking factor [32] ; therefore, high concentrations of 
The asterisk indicates significant differences at P , 0.05.
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progesterone within fully functional CL may promote IL10 production by resident T cells. The inability of regressing luteal cells to stimulate proinflammatory cytokine production by T cells was unexpected. The cells used in this study were collected at a single time during luteolysis (8 h), which could be during a period of resolution of an immune response. Indeed, in CL induced to regress, TNF mRNA is rapidly elevated by 2 h, remains high at 4 h, but begins to decline by 12 h [30] . The possibility remains that steroidogenic cells could activate proinflammatory genes in resident T cells as immediate early genes following exposure to PGF 2a . These data also do not rule out proportions of cd T cell populations, but suppression of the proinflammatory activity of T cells in a functional CL may be more important than direct T cell activation in the regulation of luteolytic events.
